The bacteriophage P2 ogr gene encodes an essential 72-amino-acid protein which acts as a positive regulator of P2 late transcription. A P2 ogr deletion phage, which depends on the supply of Ogr protein in trans for lytic growth on Escherichia coli C, has previously been constructed. E. coli B and K-12 were found to support the growth of the ogr-defective P2 phage because of the presence of functional ogr genes located in cryptic P2-like prophages in these strains. The cryptic ogr genes were cloned and sequenced. The Escherichia coli rpoA109 mutation, which causes an amino acid substitution in the a subunit of the RNA polymerase, blocks transcription of the P2 late genes (21, 56 ). This block is overcome by suppressor mutations in the P2 ogr gene (56); thus, it appears that Ogr interacts with the RNA polymerase ao subunit in initiation of transcription from the P2 late promoters. Interactions between the ac subunit and other positive regulatory proteins have been implied by the isolation of several rpoA mutations which affect the transcription of different positively regulated E. coli genes (22, 25, 44, 47) and also by recent studies of the E. coli cyclic-AMP receptor protein (34, 35).
genes are constitutively transcribed, apparently at a higher level than the wild-type ogr gene in a P2 lysogen.
Bacteriophage P2 represents a family of noninducible temperate coliphages which differ from the lambdoid phages with respect to both genetic organization and regulation (for a review, see reference 7). The phage P2 ogr gene encodes a 72-amino-acid basic protein (10, 16 ) that functions as a positive regulator of transcription from the P2 late promoters (27) . The Ogr protein belongs to a class of zinc-binding transcriptional activator proteins (41) which has until now been found only in P2-related phages and their satellite phage P4 (31; for a review, see reference 15) and in the P4-related retronphage 4R73 (55) .
The Escherichia coli rpoA109 mutation, which causes an amino acid substitution in the a subunit of the RNA polymerase, blocks transcription of the P2 late genes (21, 56) . This block is overcome by suppressor mutations in the P2 ogr gene (56) ; thus, it appears that Ogr interacts with the RNA polymerase ao subunit in initiation of transcription from the P2 late promoters. Interactions between the ac subunit and other positive regulatory proteins have been implied by the isolation of several rpoA mutations which affect the transcription of different positively regulated E. coli genes (22, 25, 44, 47) and also by recent studies of the E. coli cyclic-AMP receptor protein (34, 35) .
As a part of our investigations concerning the Ogr protein function and the regulation of its gene, we have previously reported the construction of an ogr-defective mutant phage, P2 dellS, which carries a deletion in the C-terminal half of the ogr gene (9) . P2 dellS grows lytically on E. coli C, the standard host for phage P2, only if the Ogr protein is provided in trans from an ogr-expressing plasmid, demonstrating that the ogr gene is essential for P2 lytic growth. In this paper, we report that E. coli B and K-12 strains are able to support growth of P2 dell5 and that this ability is due to the presence of chromosomally located ogr genes carried by cryptic prophages. The presence of an ogr gene in E. coli * Corresponding author.
K-12 has recently also been demonstrated by Barreiro and Haggard-Ljungquist (4) . When the P2 ogr gene is compared with the cryptic genes, there are few differences in the nucleotide sequences, and most of the differences are silent base substitutions.
MATERIALS AND METHODS
Bacteria, phages, and plasmids. Bacterial strains, phages, and plasmids are listed in Table 1 . Strain C-2156 was used as a standard host for P2 dellS (11) . The culture media were L broth and L agar (52) . Plasmid-containing strains were grown in media containing 100 ,ug of ampicillin per ml (pBluescript SK+ and its derivatives) or 12.5 p,g of tetracycline per ml (pNB56).
Burst size determination. Bacteria were grown in L broth at 37°C to an optical density at 600 nm of 0.2, collected by centrifugation at 9,000 x g for 2 min, and resuspended in one-third the original volume of ice-cold L broth containing 5 mM CaCl2. The cells were infected with P2 dellS at a multiplicity of infection of 0.1 and then incubated at 37'C for 8 min for adsorption of the phage. The infected cells were collected by centrifugation at 9,000 x g for 2 min at 4°C and washed once in ice-cold L broth to remove unadsorbed phages. The infected cells were resuspended and diluted 104-or 105-fold in L broth and incubated at 37°C. At 90 min after infection, the phage yields were determined by plating on strain C-1055 harboring the ogr-expressing plasmid pKG100 on L agar plates containing 10 ,g of streptomycin and 100 ,ug of ampicillin per ml. The number of unadsorbed phages and infective centra were assayed at 14 min after infection. Burst size experiments under osmotic stress were performed in L broth containing 0.3 M NaCl.
Recombinant DNA methodology. Bacterial DNA was prepared as described elsewhere (28) . Plasmid purification, agarose electrophoresis, digestion with restriction enzymes, ligation, and transformation were done by standard procedures (49) . Southern analysis was performed by blotting agarose gels onto Hybond-N nylon filters (Amersham) using (58) or by sequencing of double-stranded DNA on an automated DNA sequencing machine (1) with fluorescein-labeled oligonucleotide primers (38) . As sequencing primers, the pA and pB oligonucleotides described above were used. Sequence analysis of PCR-amplified DNA was done on two independent clones derived from two separate PCR.
Transcription analysis. The use of pGCSP6 as a template to make a 32P-labeled ogr antisense riboprobe by in vitro transcription with SP6 RNA polymerase and extraction of total RNA has previously been described (9, 14, 45) . Digestion of single-stranded unprotected fragments was done with mung bean nuclease (BRL) (576 U per reaction) in buffer recommended by Sambrook et al. (49) . Protected fragments were extracted with phenol, ethanol precipitated, and analyzed by electrophoresis through a 7 M urea-4% (wt/vol) polyacrylamide gel.
Nucleotide sequence accession number. The nucleotide sequence data reported in this paper will appear in the EMBL, GenBank, and DDBJ nucleotide sequence data bases under the accession number M81463. RESULTS Detection of ogr genes in E. coli B and K-12. The presence of a P2-like cryptic prophage in E. coli B was previously discovered because of its ability to give rise to heteroimmune P2 recombinants (P2 Hy dis) which carry an immunity region different from that of wild-type P2 (5, 17) . Heteroduplex mapping of P2 Hy dis DNA has revealed that segments of P2 DNA have been replaced with nonhomologous hostderived DNA in the immunity and early regions (13) . However, the region containing the P2 late genes and the ogr gene has not been replaced. With the possibility of discovering a gene in E. coli B belonging to the same class of transcriptional regulatory genes as ogr, we infected strain B with the ogr-defective mutant phage P2 dellS to test for ogr complementation. As mentioned above, P2 dellS is able to grow lytically on E. coli C only in the presence of an ogrexpressing plasmid (9) or in the presence of one of the other proteins of this class of transcriptional activators, such as the satellite phage P4 8 gene product (9, 30) or the phage 186 B gene product (23) . P2 dellS was found to give rise to plaques on lawns of E. coli B6, but the efficiency of plating was reduced 106-fold compared with that of a standard P2 dellS indicator (C-2156) (39) . However, one passage of P2 dellS through the B strain resulted in phage that gave the same efficiency of plating on B6 as on C-2156, as has been observed for P2 wild type also (6) . This effect is due to the DNA restriction system present in E. coli B, which degrades the unmodified P2 DNA propagated on a C strain. P2 dellS that has been passed through strain B6 is modified and thus protected against restriction. The complementation experiments with E. coli B6 gave a high burst of P2 dellS (Table 2) , indicating efficient expression of the ogr-complementing gene. In contrast, an E. coli B derivative that has been cured for the cryptic prophage (strain Bc) was unable to complement P2 dellS (Table 2) , thus indicating that the ogrcomplementing gene resides in the cryptic prophage. Southern analysis of E. coli B6 DNA revealed that it contains DNA which hybridizes to an ogr probe from phage P2 (Fig.  1A) , which suggests a high degree of sequence homology with the P2 ogr gene.
During the process of cloning the ogr-like gene from strain B6, we found that E. coli MV1190 (a K-12 derivative), which was used as recipient, also contained DNA that hybridized to the ogr probe. Southern analysis of MV1190 DNA showed that a specific ClaI fragment, significantly smaller than the corresponding ClaI fragment from strain B6, hybridized to the probe (Fig. 1B) (29, 59 ).
used in a burst size experiment ( Table 2 ), indicating that the ogr-homologous gene is either poorly expressed or is almost nonfunctional.
Cloning and sequence determination of the ogr genes in E. coli B6 and MV1190. The 1.6-kb Clal-Hincll DNA restriction fragment from strain B6 which hybridizes to the ogr probe (Fig. 1A) was cloned between the SmaI and ClaI sites of the pBluescript SK+ phagemid vector. The ogr gene from MV1190 was amplified and cloned as described above. When transferred to E. coli C-la, the recombinant plasmids containing the ogr-homologous genes from strain B (pAS100) and strain MV1190 (pAS200) complemented P2 dellS, yielding approximately the same burst of P2 dellS as a plasmid carrying the P2 wild-type ogr gene (pKG100) ( Table 2 ). The ogr genes in pAS100 and pAS200 are inserted into the polylinker in an antisense orientation relative to the ,B-galactosidase promoter and are thus transcribed from their intrinsic promoters. This indicates that the observed poor complementation of P2 dellS in MV1190 probably is due to a low level of expression of the ogr-homologous gene, which can be overcome by increasing the gene dosage by cloning the gene onto a multicopy plasmid.
Compared with the sequence of P2 wild type, there are three and six base substitutions in the coding region of the ogr genes from strains B6 and MV1190, respectively (Fig. 2) . Only one of the substitutions, a C-to-T replacement in codon 57 in MV1190, leads to an amino acid replacement in the ogr gene product. This substitution, which does not destroy the function of the ogr gene product, causes replacement of an alanine with valine at position 57 in the Ogr protein. Thus, despite several base substitutions in the ogr coding region, the amino acid sequence and functionality of the cryptic ogr gene product is conserved. There are no base substitutions in the -35 and -10 promoter elements, but in the region intervening between these elements, there are base substitutions which differ in B6 and MV1190. Whether these replacements affect the regulation of the genes is discussed below. Also, in both strains, a reading frame corresponding to the late gene D of phage P2 is found upstream from the ogr gene, supporting the idea that the ogr genes in B6 and MV1190 are part of cryptic prophages that have strong similarity to phage P2.
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The cryptic ogr genes are differentially expressed. Environmental stress such as high osmolarity can affect DNA supercoiling and thereby induce transcription from certain positively regulated promoters (33, 46) . In experiments that tested whether high osmolarity affected transcription from the P2 late promoters, it was discovered that P2 dellS plated well on E. coli MV1190 in the presence of 0.3 M NaCl. No plaques could be observed on C strains under the same conditions, suggesting that the salt effect on P2 dellS growth is indirect, probably because of enhanced complementation by the cryptic ogr gene, and is not the result of overcoming the need for a positive regulator. In complementation experiments, the P2 dellS burst was more than three times higher in L broth supplemented with 0.3 M NaCl than in standard L broth (containing 17 mM NaCl) ( Table 3 ).
E. coli K-12 wild type and four other commonly used K-12-derived strains (C-600, DK-1, XL1-Blue, and K-40) were also tested for ogr complementation, and they all turned out to support plaque formation of P2 dellS on L agar containing 0.3 M NaCl but not on standard L agar plates. Strain C-600 is a direct descendant of the Y10 strain, which was isolated from E. coli K-12 wild type after treatment with X rays (3) . The strains DK-1 and XL1-Blue also descend from the Y10 line, but these latter strains have been crossed with E. coli 58 line descendants (3). The ogr genes from K-40 and C-600 have recently been sequenced by Barreiro and Haggard-Ljungquist (4) and were found to be identical to the ogr gene from MV1190, including the base substitutions in the promoter region. Thus, ogr genes appear to be present in several commonly used K-12-derived strains. When dealing with gene regulation mechanisms in the P2 family of phages and their satellite phage P4, one should be particularly aware of the cryptic ogr genes if E. coli K-12-derived strains are used.
A low constitutive transcription of the ogr gene in P2 lysogens has previously been demonstrated by the use of a 2P-labeled ogr antisense RNA probe in an endonuclease S1 mapping assay (11) . We compared the levels of ogr mRNA in the MV1190 and B6 strains with that in a P2 lysogenic strain of E. coli C-la by using a similar assay. The DNA template for the in vitro transcription with SP6 RNA polymerase was plasmid pGCSP6, which carries a P2 DNA fragment containing the entire ogr wild-type gene and the distal part of gene D cloned in an antisense orientation relative to the SP6 promoter (9) . When this plasmid is digested with EcoRI and used as template for SP6 RNA polymerase, an antisense RNA probe of about 600 nucleotides is made (9) . Hybridization of this probe to ogr mRNA followed by treatment with mung bean nuclease, which degrades unpaired singlestranded regions, yields a protected fragment of 283 nucleotides (9) . The B6 strain contained a much higher level of ogr mRNA than the lysogenic C-strain (Fig. 3, lane 8 6), which is consistent with the good complementation of P2 dellS. A strong band corresponding to a readthrough transcript from the late D gene, which belongs to a tail morphogenesis operon located upstream from the ogr gene, was also seen. Similar readthrough transcription has also been observed at a late time during normal P2 infection and at a low level in P2 lysogens (11) . Thus, in the B strain, there seems to be a high level of constitutive ogr transcription, both from the intrinsic ogr promoter and from a promoter located upstream from the ogr gene. The transcriptional level of the cryptic MV1190 ogr gene was lower than that in B6, which is consistent with the poor complementation, and no readthrough transcript could be observed (Fig. 3, lane 1) . Incubation of strain MV1190 for 20 or 60 min in the presence of 0.3 M NaCl did not seem to affect the level of ogr mRNA (Fig. 3, lanes 2 and 3) , showing that the enhanced complementation of P2 dellS under high-salt conditions probably is due to interference at some other level than initiation of ogr transcription. Even after several hours of incubation in the presence of 0.3 M NaCl, transcription of the ogr gene did not seem to be affected (8) .
The MV1190 ogr gene appeared to be transcribed more efficiently than the ogr gene in the P2 lysogenic C strain. However, with RNA from MV1190, two protected fragments of the ogr antisense riboprobe appeared below the full-length ogr band. Synthesis of the RNA probe was done with P2 ogr wild-type gene as template, and therefore a possible explanation of these additional bands is that some mismatches exist in the riboprobe-mRNA hybrid that might affect resistance to cleavage by mung bean nuclease. For the B strain, however, which also contains several base substitutions, no strong additional bands appear below the band corresponding to transcription from the ogr promoter. Prolonged exposure of the gel revealed the presence of these additional bands even with RNA from C-295, which argues that these bands are not caused by mismatches in the RNA-RNA hybrid. It is plausible that the strong additional bands observed with MV1190 RNA are due to in vivo degradation of mRNA, which implies that the degradation of ogr mRNA is more pronounced in MV1190 than in C-295. Decreased stability could explain the poor complementation of P2 dell5 in the K-12 strains.
DISCUSSION
The cryptic prophages in E. coli. The presence of a cryptic prophage in E. coli B was demonstrated in 1959 (17) . We have shown that this cryptic prophage carries an ogr gene encoding a gene product identical to that of P2 ogr wild type. Upstream from the strain B ogr gene, a nucleotide sequence identical to that of the C-terminal end of the P2 D gene was found (Fig. 2) , suggesting that the cryptic prophage has a late-gene region quite similar to that of P2. However, the immunity region and part of the early region differ from those of P2 as judged by heteroduplex mapping of P2 Hy dis DNA (13) .
A cryptic P2-like prophage in E. coli K-12 was also identified in this study. One of the base substitutions in the K-12 ogr gene leads to replacement of an alanine residue with valine at position 57 of the 72-amino-acid Ogr protein but does not appear to affect the function of the Ogr protein as a transcriptional activator. This observation agrees well with preliminary data, which suggest that the C-terminal region of Ogr, including position 57, is not essential for Ogr function (23). As mentioned above, the ogr gene in K-12-derived strains has recently also been identified by Barreiro and Haggard-Ljungquist (4), who have found that the cryptic prophage is integrated in P2 location I in the E. coli K-12 chromosome. The cryptic prophage contains only the distal part of gene D, the complete ogr gene, and attR, suggesting that it is a result of an imprecise excision event due to recombination between attL and a region within the D gene (4) . Thus, the K-12 cryptic prophage contains only a small piece of phage DNA (about 640 nucleotides), whereas the cryptic strain B prophage appears to carry a larger piece of a phage DNA or possibly a complete phage genome. Repeated attempts to isolate a temperate phage from E. coli B have failed, however.
Cryptic lambdoid prophages have been found in the chromosomes of E. coli strains K-12, B, and C (26, 32, 42, 57) . Thus, the presence of DNA derived from temperate coliphages appears to be a common feature of E. coli strains. It has been reported that bacteria lysogenic for various temperate coliphages have increased reproductive fitness in energy-limited media compared with nonlysogenic strains (18, 19, 43) . Furthermore, the presence of a DNA fragment derived from phage X on a plasmid seems to be beneficial for plasmid stability under environmental stress conditions (20) .
Thus, the presence of cryptic prophage DNA on an E. coli chromosome may contribute to the bacterial phenotype in unknown ways and can be a selective advantage for the bacterium under certain environmental conditions. Expression of the cryptic ogr genes. 
